We have previously reported a tetraketide origin for theobroxide and its related compound. In the present study, bioconversion of natural and deuterium-labeled precursors of this proposed biosynthetic pathway by Lasiodipoldia theobromae was investigated. Theobroxide was quantified after bioconversion from each proposed precursor. The transformation of the isotopically labeled precursor to products was tracked by 2 H NMR measurement.
Fungi are lower eukaryotic microbes having important relationships with human beings not only as plant and animal pathogens, but also as major producers of enzymes, amino acids, and biologically active secondary metabolites.
Lasiodiplodia theobromae (synonym Botryodiplodia theobromae) is a common pathogenic fungus that has been found throughout the tropics and the subtropics [1] . The culture filtrate of L. theobromae showed significant plant growth inhibitory activity [2] . For several decades, a lot of attention has been paid to this fungus. A variety of bioactive components have been isolated from it and been characterized, such as jasmonic acid (JA), a plant hormone widely distributed in plants [3] and micro-organisms [2] ; mellein, a metabolite of Aspergillus melleus [4] and A. ochraceus [5] , as a hair pencil component of the male oriental fruit moth Graphholitha molesta [6] ; and theobroxide, a potato-tuber and flower bud inducing substance (1S,2R,5S,6R)-3methyl-7-oxa-bicyclohept-3-en-2,5-diol (1), with its related compound (1S,4R,5S,6R)-7,9-dioxa-3-methyl-8oxobicyclo[4.3.0]-2-nonene-4,5-diol (2), both showing inducing activity for different physiological phenomena. Research on some plant growth regulators from L. theobromae and their biosynthesis, translocation, functions, and modes of action has also been intensively undertaken by the authors' group [7] [8] [9] [10] [11] [12] .
In our previous study, we reported a tetraketide origin for biosynthesis of 1 and 2 by using 13 acetates [7] . In the proposed biosynthetic pathway ( Figure  1 ), we supposed that four acetyl-CoA are linked 'head-totail' to generate a triketo-CoA, and then one of the resulting keto groups is reduced to a hydroxyl group. Generation of a carbanion at the β-keto residue would allow an aldol condensation to form a six-membered carbocycle. Then a sequence of plausible dehydration and enolisation reactions would produce the 6-methylsalicylic acid (3, 6-MSA) as a natural precursor [13, 14] . Decarboxylation of compound 3 gives 3-methylphenol (4), which is para-hydroxylated to 2-methylbenzene-1,4-diol (5) . Precursor 5 is then oxidized to 2-methyl- [1, 4] benzoquinone (6) . Finally, theobroxide (1) is produced through epoxidization and reduction of both hydroxyl groups, and is converted to its carbonyldioxy derivative 2 by an unidentified mechanism.
As a continuing study, we performed bioconversion experiments to confirm this proposed biosynthetic pathway by incorporating both natural and isotopic proposed precursors into these two target compounds.
In this study, the appropriate conditions and process for feeding of four proposed precursors to L. theobromae were investigated first. The mycelia grew well when the fungal culture was fed with these chemicals at a concentration of under 10 -4 M. However, they did not grow when fed with compound 6 at 10 -3 M, implying that a higher concentration of 6 may kill the fungus. No obvious difference in mycelial growth was observed when fed with the other three compounds at 10 -3 M compared with the control group, which was fed only with 0.5 mL of DMSO (average weight: 3.98-4.35 g/200 mL culture). The average mycelial weight of the positive control group was 4.57 g/200 mL culture. The results indicated that these four compounds did not significantly suppress growth of L. theobromae OCS 71 at a concentration of 10 -4 M. TLC monitoring also showed that theobroxide can be produced well in the presence of 10 -4 M of 6. Therefore, feeding experiments with L. theobromae using the proposed precursors 3-6 were carried out at a concentration of 10 -4 M.
The results are presented in Figure 2 . As can be seen, feeding of compounds 3 or 4 increased the amount of theobroxide in the fungal culture by two times compared with the control. In the case of fungal culture fed with compounds 5 or 6, theobroxide was produced in almost three times higher amount compared with the control group. The higher content of theobroxide might be because compounds 5 and 6 are closer to theobroxide in the biosynthetic pathway. The above results provide evidence for compounds 3, 4, 5, and 6 as intermediates in the biosynthetic pathway of theobroxide. The biosynthesis of theobroxide 1 and compound 2 from the proposed precursor of compound 5 in L. theobromae was further examined by means of 2 H NMR based isotopic tracing. As shown in Table 1 , 2 H NMR spectroscopic data of the resulting compounds 1 and 2 revealed that the chemical shifts of the incorporated deuterium were δ 1.79 for 1 and δ 1.84 for 2, respectively. These chemical shifts are consistent with those of the methyl proton of natural theobroxide 1 and compound 2. These results indicated that retention of deuterium of the methyl group occurred during bioconversion from 5a to 1 and 2 in L. theobromae. Accordingly, compound 5 was further proved to be an intermediate in the biosynthetic pathway of theobroxide.
In conclusion, in this study, some evidence was provided for the previously proposed biosynthetic pathway of theobroxide (1) and compound 2 as depicted in Figure 1 . For future work, the biotransformation mechanism of theobroxide to its carbonyldioxy derivative 2 should be clarified experimentally.
Experimental
General experimental procedures: Spores of L. theobromae were maintained on agar (1.5%) in a 2%potato D-glucose medium (Nissui Seiyaku) at 25°C and transferred at intervals of 6 months. All chemicals were purchased from either Wako or Aldrich Chemical Company. Compounds 3 and 5a were prepared by published methods [15, 16] . Preparative and analytical TLC were performed on Merck Kieselgel 60F 254 precoated glass plates (0.5 mm and 0.25 mm, respectively). Compounds were visualized by either exposure to UV light or by staining with 5% molybdophosphoric acid nhydrate in EtOH followed by heating on a hot plate. Open column chromatography was performed with silica gel (60N spherical neutral 63-210 μm, Kanto Chemical). 1 H NMR (270 MHz and 500 MHz) and 2 H NMR (76.5 MHz) spectra were recorded on a Bruker AMX-500 FT-NMR.
Determination of feeding conditions:
Two different concentrations (10 -3 M and 10 -4 M) of each proposed precursor were tested for fungal growth. For one group, 3 500 mL Erlenmeyer flasks containing 200 mL of a potato D-glucose medium (1% glucose) were inoculated with a Biosynthetic pathway of theobroxide by Lasiodipoldia theobromae Natural Product Communications Vol. 6 (12) 2011 1803 piece (1 cm 2 ) of agar bearing the slantwise culture of L. theobromae OCS 71, individually. Chemicals were first dissolved in 0.5 mL DMSO (dimethyl sulfoxide) and then fed into the culture medium. As a control group, 3 flasks of fungal culture were fed with 0.5 mL of DMSO without chemicals. As a positive control group, 3 flasks only contained fungal culture. All groups were statically cultured at 25°C in the dark for 7 days, and then the mycelia were harvested and dried upon filter paper under reduced pressure for 12 h. The fresh weight of mycelia was measured. The presence of theobroxide in the culture medium of each group was monitored by TLC with MeOH-CHCl 3 (5:95, v/v).
Quantification of theobroxide:
After 7 days, the fungal culture in each flask was filtered using 3 layers of gauze. One mL of culture filtrate from each flask was added into 100 μL of internal standard, 2-methoxy-4-methylphenol (100 μg in EtOAc), and then extracted with 1 mL of EtOAc, 3 times. The EtOAc layer was again filtered using a cellulose acetate 0.45 μm filter, dried over Na 2 SO 4 and then concentrated to dryness under vacuum. The concentrated sample was re-dissolved in 1 mL of acetonitrile (HPLC grade). Ten μL of sample solution was analyzed by HPLC (Waters model 600 system) equipped with an RP ODS column (GL Science, 4.6 mm ID × 250 mm) and a photodiode array detector (Waters 996). Acetonitrile-water (1:1, v/v) was used as the mobile phase at a flow rate of 1.0 mL/min. The detection wavelength was set at 210 nm and the column temperature was 25°C. The retention time of theobroxide was 2.7 min and that of the internal standard 6.1 min. The content of theobroxide was estimated using the following equation: (C t = f × A t / A s × C s ), where C t , A t , A s , and C s are the content of target compound, peak area of target compound, peak area of standard substance, and content of injected standard substance, respectively. The correction factor f is the average value (R.S.D. < 2.0%) of 4 tests, which is calculated as f = (M t / A t ) / (M s / A s ) using the mass (M) and peak area (A) of the target compound (t) and standard substance (s). Statistical analysis of data was performed by ANOVA analysis and the Bonferoni test (p < 0.05 and p < 0.01) in order to compare different data in the experiments.
Feeding experiments: L. theobromae was grown by static culture on liquid potato-1%-D-glucose medium supplemented with 10 -3 M [7,7-2 H 3 ]-2-methyl-benzene-1,4-diol (5a). The culture broth from each feeding experiment of either 7-day-old or 14-day-old cultures was combined individually, filtered, and concentrated to 100 mL. The filtrate was extracted 3 times with an equal volume of EtOAc. The EtOAc extract was concentrated to dryness under reduced pressure and then chromatographed using a silica gel column (24 g silica gel for 7-day-old culture and 45 g for 14 day-old culture) eluting with MeOH-CHCl 3 (5:95, v/v). Compound 1 (0.9 mg/100 mL from 7-day-old culture) and compound 2 (0.36 mg/100mL from 14-day-old culture) were purified by recrystallization from EtOAc: n-hexane.
